Autism is a common and heritable neuropsychiatric disorder that can be categorized into two types: syndromic and non-syndromic, the former of which are associated with other neurological disorders or syndromes. Molecular and functional links between syndromic and non-syndromic autism genes were lacking until studies aimed at understanding role of trans-synaptic adhesion molecule neuroligin, which is associated with non-syndromic autism, provided important connections. Here, we integrate data from these studies into a model of how neuroligin functions to control synaptic connectivity in the central nervous system and how neuroligin dysfunction may participate in the pathophysiology of autism. Understanding the complex functional interactions between neuroligins and other autism-associated proteins at the synapse is crucial to understand the pathology of autism. This understanding might bring us closer to development of therapeutic approaches for autism.
4) (8) . Postsynaptic NLGs interact with presynaptic neurexins (Nrxs) to form trans-synaptic adhesions (9) (Fig. 1 ). This interaction is thought to control bidirectional-signaling events that regulate the formation and functional maturation of synapses (8, 10, 11) . In vitro studies have shown that NLGs are required for excitatory and inhibitory synapse formation (12) . However, analyses of mice deficient in one or more Neuroligin genes showed that synapse formation is largely normal even in the absence of three NLGs (NLG1, 2, and 3 triple knockouts) (13) . These in vivo findings initially suggested that NLGs' role in synaptogenesis is redundant in vivo. However, the balance of NLG abundance between neighboring neurons strongly governs synapse formation in a competitive manner (14, 15) . This likely explains why the total loss of a NLG (such as in knockout animals) does not result in overt synaptogenesis defects, but cell-specific knockdown of NLGs in a wild-type background leads to severe loss of synaptic connectivity in vivo (15) .
The autism-associated NLG3 mutation, which was identified in one Swedish family, is a missense conversion of a highly conserved arginine residue to cysteine (NLG3 R451C) (7) . At the cellular level, R451C mutation leads to diminished surface trafficking of NLG3, which reduces the effectiveness of NLG3 to induce clustering of proteins at synapses in cultured neurons (16) . To determine how the R451C mutation affects synaptic connectivity in vivo, a knockin mouse model was developed (17) . Analysis of protein abundance in the R451C-knockin mice showed a remarkable reduction in the amount of NLG3 in the brain. These mice displayed impaired social interactions, a core characteristic of autism, but surprisingly they had increased ability for spatial learning and memory. Cognitive changes were accompanied by a significant increase in the inhibitory synaptic transmission at the cortices of R451C-knockin mice when compared to wild-type mice. Interestingly, none of these changes were observed in the cortices of the Nlg3-null mice. From these observations, it was proposed that the R451C mutation acts through a gain-of-function mechanism (17) . Although a gain-of-function mechanism is plausible, these observations can also be explained as the result of loss of NLG3 function in a cell-specific or neuronal circuitspecific manner as has been shown for NLG-1; NLG-1-dependent competition regulates cortical synaptogenesis and synapse number. Reducing the amount of NLG-1 in cortical neurons in vivo by RNA interference greatly reduced excitatory connections made onto the NLG-1-deficient cell (15) . NLG3 may have a similar function in activity-dependent regulation of synaptic connectivity. Inefficient production and trafficking of NLG3 due to R451C conversion may lead to an imbalance in NLG3 abundance across the central nervous system (CNS), and this imbalance may impair the activity-dependent NLG3 signaling in a way that is worse than the absence of NLG3, such as in an NLG-3 knockout. In agreement with this possibility, studies with NLG3-knockout and R451C mice show the presence of circuit-specific and cell-specific synaptic dysfunction (18, 19) . Thus, we propose that the imbalance in the amount of NLG3 across the CNS due to the R451C mutation is the main problem. The unevenness in NLG3 abundance caused by R451C mutation may be affected by genetic background, which could explain why a study that utilized another R451C-knockin line in a different mouse background could not reproduce the behavioral findings of Tabuchi et al. (17, 20) .
The function of NLG3 in the mouse cerebellum was investigated using a series of genetic manipulations (19) . In cerebellar Purkinje cell neurons, NLG3 is specifically localized to parallel fiber synapses, but not to climbing fiber synapses or inhibitory synapses. Electrophysiological analyses of Purkinje cells showed a small but significant reduction in miniature excitatory postsynaptic current (mEPSC) amplitudes in NLG3-knockout mice compared to wild type. Interestingly, metabotropic glutamate receptor (mGluR)-mediated long-term depression (LTD) was occluded in NLG3-knockout mice. This defect in mGluRmediated LTD correlated with an increase in the abundance of the mGluR1a subunit in the Purkinje cells of NLG3-knockout mice (19) . This connection between NLG3 function and mGluR-mediated LTD is of particular importance because it provides a molecular link between non-syndromic and syndromic autism (Fig. 1 ).
The importance of balanced mGluR function in normal cognition was demonstrated by comparing two syndromic autism mouse models: Tuberous Sclerosis mice heterozygous for the gene Tsc2 (Tsc2 +/− ), encoding tuberous sclerosis 2 (TSC2), and FXR mice lacking the gene encoding FMRP1 (FMR1 −/y ) (21) . Both FMRP1 and TSC2 control activity-dependent local protein synthesis at synapses (Fig. 1) . FMR1 −/y and Tsc2 +/− mice show similar behavior and impairment in learning and memory (22, 23) . Surprisingly, biochemical and electrophysiological analyses of synapses in these mouse models showed opposite effects on the abundance of synaptic proteins and mGluR-mediated LTD. FMRP1-KO mice had increased abundance of synaptic proteins and enhanced mGluR-mediated LTD (24); the opposite was the case for Tsc2 +/− mice. Interestingly, the aberrant behavioral phenotypes disappeared when FMR1 −/y and Tsc2 +/− mice were crossed with each other (21) . These findings indicate that normal synaptic plasticity, which drives functional cognition and behavior, occurs in an optimal range of mGluR-mediated activity-dependent protein synthesis; deviation in either direction leads to behavioral pathologies associated with syndromic autism. Mutant phenotypes in FXR animal models have been corrected by genetic or pharmacological inhibition of mGluR5, and there are ongoing preliminary human clinical trials using drugs that inhibit mGluR5 (25) . Similarly, a positive modulator of mGluR5 function can correct the synaptic and behavioral phenotypes seen in Tsc2 +/− mice (21) . Because aberrant mGluR-mediated LTD is also reported in NLG3-knockout mice (a model of non-syndromic autism), positive and negative modulators of mGluR function may prove beneficial for treatment of a larger number of Autism Spectrum Disorders (ASDs) than previously thought.
In NLG3-knockout mice, the increase in the abundance of mGluR1a could be rescued by Purkinje cell-specific re-expression of NLG3, suggesting that mGluR1a-mediated LTD can be normalized by this manipulation (19) . In the future it would be interesting to explore whether the functional link between NLG3 and mGluRs is also present in brain regions other than the cerebellum and whether other NLGs (NLG 1, 2, and 4) are also involved in the regulation of mGluR-mediated LTD. Baudouin and colleagues also showed that in the NLG3-knockout mice the climbing fibers ectopically innervate the territory of the parallel fibers (19) , which indicates that NLG3 is required to balance the climbing fiber and parallel fiber inputs onto Purkinje cells. This result supports the emerging evidence that NLGs are important for activity-dependent competitive synaptogenesis (14, 15) . Re-expressing NLG3 in Purkinje cells even after development is complete (after postnatal day 30 in mice) attenuated mGluR1a to amounts similar to those in wild-type mice and eliminated the ectopic climbing fiber innervations (19) , indicating that the role of NLG3 in controlling synaptic connectivity is not limited to development. This result is exciting because it suggests that malformed circuits in autistic patients may be corrected even after development is complete. Indeed, studies with syndromic autism animal models showed that disease phenotypes could be rescued by therapeutic interventions in juvenile and adult mice (22, 25) .
In humans, both deletions and point mutations (such as R451C) in the Neuroligin 3 gene are linked to autism; however, no common synaptic dysfunction phenotypes had been reported in their corresponding mouse models. Földy and colleagues studied the properties of synaptic transmission in NLG3-knockout mice and NLG3 R451C mice to determine whether these non-syndromic autism models had common synaptic phenotypes (26) . The analyses of the GABAergic synapses formed by hippocampal inhibitory neurons (parvalbumin and cholecystokinin-positive basket cells) onto pyramidal neurons revealed that both mutations dramatically impair tonic endocannabinoid signaling at these GABAergic synapses (26) . Retrograde endocannabinoid signaling (from postsynapse to presynapse) is a key modulator of synaptic plasticity and cognitive performance. The tonic component of endocannabinoid signaling affects synaptic transmission over long time periods and controls the presynaptic release properties at these GABAergic synapses (27) . Interestingly, studies with the syndromic autism model FXR mice (FMR1 −/y ) showed that FMRP1 deletion leads to greater endocannabinoid-mediated responses at GABAergic synapses of the dorsal striatum and the CA1 region of the hippocampus (28, 29) . Moreover, loss of FMRP function leads to marked deficits in mGluR5-dependent release of endocannabinoids at excitatory synapses (30) . Taken together these findings further indicate that there are common molecular mechanisms that underlie the pathophysiology of syndromic and non-syndromic autism and suggest that modulation of endocannabinoid signaling may provide valid therapeutic avenues for ASDs (27, 31) .
Another study, which used the Caenorhabditis elegans neuromuscular junction (NMJ) as a model, revealed a previously unknown mode of action for NLGs at the synapse and provided further links between syndromic and non-syndromic autism (32) . In worms lacking the function of a specific micro RNA (miRNA), a retrograde signal coming from muscle inhibits acetylcholine release by axonal terminals of motor neurons. This retrograde signal is not present in wild-type worms, but occurs when miR-21, a muscle-specific miRNA, is inactivated. Deletion of the gene encoding the transcription factor, MEF-2 (myocyte enhancer factor-2) that is a target of miR-21, in a miR-21-mutant background abolishes this retrograde signal (33) (Fig. 2) . This retrograde signal depends on the interaction between NLG-1 at the cholinergic motor neurons (presynaptic) and NRX-1 at the muscle (postsynaptic) (Fig. 2) and was eliminated in miR-21;nlg-1 or miR-21:nrx-1 double mutants. Analyses of evoked responses in nlg-1 mutants showed that NLG-1 is required for faster presynaptic release kinetics. To determine if this function of NLG-1 was restricted to worms or was conserved in mammals, Hu and colleagues re-analyzed the evoked EPSC data from NLG1, 2, and 3 triple knockout mice (13) and found that evoked EPSCs decayed significantly more slowly in the brain stems of triple knockouts when compared to doubleknockout controls. Thus, NLGs shape evoked response kinetics at the worm NMJ and in mouse glutamatergic synapses and they can mediate this effect either from pre-or postsynaptic sites ( Fig. 1 and Fig. 2 
) (32).
These findings have important implications for understanding the synaptic pathologies observed in ASDs. Prolonged neurotransmitter release could affect circuit development and alter temporal and spatial resolution of sensory responses that are keys to the development of proper language and social skills (34, 35) . In addition, the findings of Hu et al. (32) molecularly link NLG and Nrx proteins to synaptic activity-dependent MEF-2 signaling. Mutations in MEF2C (the human homolog of worm MEF-2) cause a small percentage of Rett syndrome cases (36) . Thus, even in syndromic ASDs that are not caused by mutations in NLG-or Nrx-encoding genes, manipulation of trans-synaptic Nrx-NLG signaling could be therapeutic.
In summary, NLGs and their signaling partners Nrxs regulate synaptic activity in such a way that accurate activity-dependent remodeling of circuits occurs (Fig. 1) . Emerging evidence indicates that altered synaptic connectivity lies at the heart of the pathological changes that occur in the autistic brain and, due to their central role at the synapse, NLGs are key players in the pathogenesis of ASD. Manipulation of NLG function to correct altered synaptic connectivity in autism, even after development has taken place, may provide relief. Therefore, it may be feasible to develop therapeutic strategies for autism by targeting NLGs. However, we still lack a comprehensive circuit-level understanding of NLG function in the CNS and it is important to elucidate the roles NLGs play in signaling between neurons and glia. Surprisingly, NLGs and Nrxs (37) are also present on astroctyes and astroctyes secrete synapse-modulating proteins that interact with NLGs (38), suggesting a possible link between astrocytic control of synaptic connectivity and ASD.
GLOSS
Autism is a heterogeneous neuropsychiatric disorder that is heritable. Autism is categorized into two types: syndromic and non-syndromic. Syndromic autisms are caused by mutations in single genes and are manifested within the context of neurological syndromes, such as Fragile X Syndrome. In the last decade, genetic analyses of nonsyndromic autism families revealed a number of genes that are linked to this class of autism. In this Review with 2 figures, and 38 references, we focus on the Neuroligin family genes, which encode postsynaptic adhesion proteins that are critical for activitydependent maturation of synaptic circuits. Studies investigating the role of neuroligins at synapses provide interesting new insights into the role of these proteins in the pathophysiology of autism. Moreover, these findings underscore the shared synaptic dysfunctions in syndromic and non-syndromic autism. Targeting neuroligins and the molecular pathways that they regulate may provide effective therapeutic strategies to combat autism. NLGs interact with Nrxs trans-synaptically. NLG-dependent control of synaptic activity increases the abundance of AMPA-type ionotropic glutamate receptors on the postsynaptic membrane by reducing the abundance of mGluRs (19) . Postsynaptic mGluRs, which are activated by presynaptic release of glutamate, mediate long-term depression (LTD), which involves the endocytosis of AMPA receptors. FMRP1 binds to polysome-associated mRNAs and inhibits synthesis of certain proteins that enhance endocytosis of AMPA receptors. FMRP1-driven blockage of translation is removed by mGluR activation, which triggers induction of LTD. In FMRP1-knockout mice, mGluR-mediated LTD is enhanced similarly to that in NLG3-knockout In the C. elegans neuromuscular junction, MEF-2 activity in the muscle inhibits presynaptic release of neurotransmitter in a retrograde manner that involves an interaction between postsynaptic NRX and presynaptic NLG.
